and by reduction of the respective dibromide complex in the presence of excess COT. The solid state structure of each complex was determined by single crystal X-ray diffraction and close inspection of the metrical parameters revealed significant COT ligand reduction, independent of the coordination geometry about iron.
] have been prepared following chelate addition to (COT) 2 Fe (COT = 1,3,5,7-cyclooctatetraene) and by reduction of the respective dibromide complex in the presence of excess COT. The solid state structure of each complex was determined by single crystal X-ray diffraction and close inspection of the metrical parameters revealed significant COT ligand reduction, independent of the coordination geometry about iron.
While the neutral and dianionic forms of the redox-active COT ligand have historically received a great deal of attention, a dearth of information regarding the often evoked radical monoanion form of this ligand prompted the full electronic structure investigation of these complexes using a range of techniques. Comparison of the Mössbauer spectroscopic data collected for both (Triphos)Fe(η 4 -COT) complexes with data obtained for two appropriate reference compounds indicated that they possess a low-spin Fe(I) center that is antiferromagnetically coupled to a COT radical monoanion. Further evidence for this electronic structure determination by EPR spectroscopy and cyclic voltammetry is presented. Comparing the solid-state metrical parameters determined in this study to related first row transition metal complexes has provides insight into the electronic structure analysis of related organometallic complexes.
Introduction The use of conjugated polyenes as chelates has blossomed over the last halfcentury, positioning these ligands as primary scaffolds of interest within the field of organometallic chemistry. 1 While polyenes are capable of adopting a range of hapticities upon ligation, 2 one of their more commonly encountered and studied coordination modes remains the cisoid-binding of a conjugated diene to a single metal center. 3 Notably, the electronic structure discussion concerning complexes featuring this ligand configuration has focused on the two extremes of diolefin coordination; (a) the neutral diene (L 2 ) and; (b) the dianionic enediyl (X 2 L) modes, the latter of which describes complete two electron reduction of the chelate. 2a With a continuum of backbonding into the linear combinations of diene π*-orbitals 2a possible, transition metal complexes featuring this ligand can adopt an electronic configuration that lies anywhere between the two bonding extremes. This premise has been explored computationally, 4 and seemingly accurate electronic structure descriptions can often be reached following close inspection of crystallographically-determined diene metrical parameters. 3 For example, the solid state structure of (η 4 -2-methyl-1,3-butadiene) 2 Rh(O 3 SCF 3 ) has been found to feature diene ligand olefin distances of 1.406(2), 1.397(2), 1.395(2), and 1.396(2) Å with bridging C-C bond distances of 1.441(2) and 1.443(2)Å, 5 suggesting that each η 4 -diene behaves as a neutral ligand as opposed to a dianion. While this approach to electronic structure assignment remains appropriate for many η 4 -diene complexes, especially when considering low-spin second and third row complexes that do not exhibit a great degree of backbonding, this methodology remains a drastic oversimplification for complexes of the first transition series, as the possibility for single electron promotion into the lowest energy diene antibonding orbital is often overlooked.
For this reason, an adequate electronic structure investigation of many low-valent first-row metal complexes featuring cyclic η 4 -diene ligands has also been impeded. While the electronic descriptions of several complexes supported by η 4 -1,3-cyclohexadiene 6 and η 4 -naphthalene 7 ligands remain ambiguous, a lack of electronic structure clarity for complexes having a cisoid-η 4 -COT ligand is especially evident throughout the literature. In a similar manner to acyclic dienes, the coordination chemistry of COT is well established and it had been recognized by the 1960's that this ligand could bind to a transition metal in an η 2 ,η 2 -, η 4 -, η 6 -, or η 8 -fashion. 8 While other binding modes have since been reported, 9 the η 2 ,η 2 -and η 6 -coordination modes are wellunderstood to be neutral in nature (L 2 and L 3 , respectively) 2 and the planar η 8 -coordination mode is often observed for the dianionic form of this ligand. 10 While poor single crystal X-ray diffraction data has undoubtedly contributed to the inability of researchers to develop clean-cut η 4 -COT complex electronic structure divisions (such as those devised for the neutral, radical monoanionic, and dianionic forms of redox-active 2,2'-bipyridine, 11 2-iminopyridine, 12 and 2,6-bis(imino)pyridine 13 ligands), there happen to be no crystallographically characterized reference compounds that feature an η 4 -COT radical monoanion or dianion. Due to the fact that COT tends to be reduced to its dianionic form upon addition of an alkali metal reagent (typically resulting in 17 with excess Na in presence of 10 eq. of COT resulted in the formation of equal quantities of 1-κ 2 -Triphos and 1-COT. Increasing the amount of added COT to 20 equivalents and conducting the reaction at lower temperatures allowed the isolation of 1-COT as an analytically pure solid following solvent evaporation and recrystallization (Scheme 1). While it was initially reported that 1-COT possesses a COT ligand that "is fluxional and presumably η 4 -coordinated," 18 the molecular structure of this complex was sought to verify the COT ligand coordination mode. Layering a concentrated toluene solution of 1-COT with diethyl ether and allowing the solution to stand at -35 °C afforded single crystals suitable for X-ray diffraction.
The solid state structure determined for 1-COT (Figure 1) , along with the relevant metrical parameters (Table 1) , validates the initial assumption that this complex features η 4 -COT coordination.
Scheme 1. Synthesis of 1-COT. The solid state structure of 1-COT shown with 30% probability ellipsoids (left). At right, the core of 1-COT is shown to highlight the overall geometry about iron. Hydrogen atoms and a co-crystallized toluene molecule have been omitted for clarity. respectively, a feature that has been observed for the unbound COT carbon atoms in related iron complexes. 19 Realizing that the geometry about the metal center in 1-COT is somewhat atypical, the preparation of a second η 4 -COT ligated complex featuring idealized trigonal bipyramidal geometry was targeted to gauge whether geometric considerations play a large role in the degree of crystallographically observed COT ligand reduction, as well as the overall electronic structure determination of such complexes. The Triphos ligand used to support 1-COT is well-known for its coordinative flexibility and has been found to chelate in either a fac-or mer-fashion within an octahedral transition metal environment. 20 Additionally, single crystals of 2-COT suitable for X-ray diffraction were obtained and the solid state structure determined for this complex is displayed in Figure 2 .
Scheme 2. The synthesis of 2-COT.
Figure 2.The solid state structure of 2-COT at 30% probability ellipsoids. Hydrogen atoms have been omitted for clarity.
The metrical parameters determined for 2-COT ( relates to iron is more representative of an idealized trigonal bipyramid than the angles found for 1-COT. As with 1-COT, the COT ligand in 2-COT occupies one axial and one apical coordination site; however, it should be noted that 2-COT features an angle defined by P(2), the metal, and the center of the C(1)-C(2) bond that is slightly further from linearity at 150.6°.
Although the Fe-P distances determined for 2-COT of 2.1759 (8) Importantly, the distances between the bound COT carbon atoms determined for 1-COT and 2-COT are statistically indistinguishable, suggesting that a significant amount of electron density is being transferred to the COT ligand from the formally zerovalent iron center in both cases (Table 1) .
It has been known for over 50 years that backbonding into (or reduction of) an η 4 -COT ligand leads to elongation of the olefin double bonds with concomitant shortening of the bridging C-C single bond as judged by single crystal X-ray diffraction, 15 a feature which has been observed for numerous η 4 -COT coordinated complexes (Table 2) . At first glance, it is apparent that a wide range of X-ray diffraction data quality is presented in 38 have been excluded from Table 2 since these complexes feature unusual μ-η 4 ,η 4 -COT and μ-η 3 ,η 4 -COT binding modes, respectively, in which one or more of the η 4 -COT carbon atoms are coordinated to both metal centers. While population of the lowest lying COT π*-orbital might not be achieved for the second and third row complexes shown in Table 2 , it is important to note that several of the first row complexes listed
shortening, indicating that they could in fact have an electronic structure best described as having an η 4 -COT radical monoanionic or dianionic ligand. (5) 1.375(7) 22 1.387 (5) 1.407(5)
1.446 (8) 1.443 (9) 1.378 (9) 1.393 (9) 1.421 (8) Since the crystallographically determined metrical parameters for 1-COT and 2-COT suggest that these complexes might have a singly or doubly reduced COT ligand with a non-zerovalent metal center, further spectroscopic study was sought before arriving at a final electronic structure 39 such that the differences in isomer shift and quadrupole splitting between the complexes reflect the relative ligand field strength about iron. 40 Like Fe(CO) 5 , 41 1-κ 2 -Triphos was found to possess a near trigonal bipyramidal geometry in the solid state (see Figure   S5 and Table S4 of the Supporting Information).
Scheme 3. The electronic structure representation of 1-κ 2 -Triphos and 1-Bpy. The Mössbauer spectrum of 1-Bpy ( Figure S2 of the Supporting Information), which is known to have an electronic structure consistent with a monoreduced bpy chelate that antiferromagnetically couples to an Fe(I) center, 17 features two geometrically distinct components with isomer shifts that are similar to the ones determined for 1-κ 2 -Triphos.
Although the isomer shift parameter of high spin iron complexes often allows for an accurate oxidation state determination, this observation was not surprising since minimal isomer shift differences are known to exist between low-spin iron complexes with varying oxidation states. 40 On the other hand, the quadrupole splitting parameters determined for 1-Bpy (1.04 and 1.35 mm/s) are significantly smaller than the values found for 1-κ 2 -Triphos (2.00 and 2.31 mm/s), suggesting that the former complex has a diminished electric field gradient due to the removal of one iron-based electron.
Scheme 4. The electronic structure representations (top) and Mössbauer spectra (bottom) of 1-COT and 2-COT.
As with the reference compounds, the Mössbauer spectrum of 1-COT (Scheme 4, left) was found to feature an undistinguished isomer shift of 0.11 mm/s due to its low-spin configuration. 39 However, the quadrupole splitting parameter of 1.08 mm/s determined for this complex is even smaller than the values found for 1-Bpy (Table 3) interaction between the two unpaired electrons which is due to their close proximity. Thus, the EPR results at cryogenic temperatures provide strong evidence that the electronic structure of 1-COT is best described as having an Fe(I) center that is coordinated to a COT radical monoanion. Cyclic voltammetry experiments were also conducted on 1-COT and 2-COT. The voltammogram of 2-COT in THF showed three reversible redox processes (Fig. 4) , and differential pulse voltammetry confirmed that each of these processes involves the same number The electronic structures of 1-Bpy and 1-COT were also investigated by conducting density functional theory (DFT) calculations on the optimized molecular structure of each complex. For 1-Bpy, attempts to perform spin stability calculations on the closed shell, non-broken symmetry singlet revealed that this electronic structure did not appear to be the lowest energy state. Further analysis allowed for the identification of a broken symmetry (1,1) minimum that was approximately 20 kJ/mol lower in energy ( Figure 5 ) than the closed shell singlet. We performed two calculations to assess the relative spin state stability of the 1-COT complex for the closedshell singlet and triplet spin states. The singlet was predicted to be the ground state by 51 kJ/mol, with the optimized geometry being a close match to the experimental crystal structure (see Table   S5 of the Supporting Information). In the ground state solution, the COT ligand was bound in an η 4 -fashion and the unbound planar COT carbon atoms were found to possess alternating bond lengths, as found for the [COT  ]  radical anion gas phase geometry. 43 In contrast, the high spin structure was found to possess a planar,  2 -COT ligand with some spin delocalization (~0.3e).
Although several calculations were performed with a broken symmetry wavefunction as a starting point with antiferromagnetic spin delocalization onto the COT ligand, the results all returned to the closed shell singlet as the converged solution and therefore offer no support to the experimental spin measurements. A TDDFT calculation 44 was performed to explore any low energy singlet excited states, but the closest state calculated was 2. Discussion Since Mössbauer and EPR spectroscopic evidence suggests that the electronic structures of 1-COT and 2-COT are best described as having low-spin Fe(I) centers that are antiferromagnetically coupled to an η 4 -COT radical monoanion, the crystallographically determined C-C and M-C bond distances found for these complexes may be applied as metrics for assessing the degree of η 4 -COT ligand reduction present in complexes throughout the dblock. The C(2)-C(3) bond distances determined for 1-COT and 2-COT of 1.402(2) and 1.391(4) Å, respectively, are significantly shorter than that of a single C-C bond, and it is believed that a similar bond distance in related complexes could indicate the presence of a COT radical monoanion. In fact, the C(2)-C(3) distances determined for these complexes are even shorter than the range of 1.41-1.43 Å that has recently been described for the central C-C single bond distance associated with bpy radical anion ligands. 11, 17 Although less convincing when considered independently, C(1)-C(2) and C(3)-C(4) bond distances of approximately 1.43 Å may also suggest that a given η 4 -COT complex features the singly reduced form of this ligand.
Likewise, the M-C bond distances determined for 1-COT and 2-COT might indicate the presence of a singly reduced COT ligand in analogous complexes. As shown in Table 5 Table 5 . 36 While it is impractical to reassign the electronic structure of any of these complexes based on crystallographic metrical parameters alone, a particularly interesting comparison can be made between the M-C bond distances determined for 1-COT or 2-COT and the homoleptic COT supported Co(I-) complex, [(η 4 -COT) 2 Co][K(2,2,2-crypt)], prepared by Ellis and co-workers. 27 Along with the original publication of this complex, it was proposed that the COT ligands were serving as "superb acceptors" and may be regarded as one-electron oxidizing agents because the complex exhibits an overall square planar coordination geometry. 27 Since the C-C (Table 2) and M-C (Table 5) In addition to its potential impact on fundamental electronic structure investigations, the research described herein may also hold implications for the mechanistic study of N-heterocyclic carbene promoted COT ligand coupling reactions. 46 In a recent report by Grubbs and co-workers, it was found that the addition of N-heterocyclic carbene to two equivalents of Fe(COT) 2 allowed for the isolation of (η 4 -COT)Fe(μ-η 5 (Table 4) . 19 Although the C(1)-C(2) and C(3)-C(4) distances of 1.447(3) and 1.400(4) Å appear to be somewhat unusual, the other COT and Fe-C distances suggest that this complex may feature an η 4 -COT radical monoanion, rather than a neutral η 4 -COT ligand. 19 While it is impossible to tell which electronic structure assignment is correct without further spectroscopic study, it appears inappropriate to assume that this complex possesses a neutral η 4 -COT ligand solely because it exhibits a "localized butadiene" structure within the unbound COT carbon atoms.
In moving beyond the first transition series examples shown in Table 5 , it is clear that structurally characterized second row complexes featuring an η 4 -COT ligand tend to have M-C(2) and M-C(3) distances that are much closer to their M-C(1) and M-C(4) counterparts. As recently discussed in the investigation of redox non-innocent ligand supported Rh(I) 47 and Mo(0) 48 complexes, it is believed that the second row complexes in Table 5 Table S1 of the Supporting Information.
Mössbauer Studies: The presence of Fe in these materials strongly suggests using the Mössbauer Effect (ME) of 57 Fe to ascertain detailed properties of the Fe constituents. A ME spectrometer operated in the constant acceleration mode was combined with a liquid helium cryostat, and conventional data analysis programs for 57 Fe ME spectra were used. spectra were recorded at 70 K using a Bruker ELEXSYS E580 continuous wave X-band spectrometer (Bruker, Silberstreifen, Germany) equipped with an Oxford Model ESR900 liquid helium cryostat (Oxford Instruments, Oxfordshire, UK). The magnetic field modulation frequency was 100 kHz with a field modulation of 0.5 mT peak-to-peak. The microwave power was 4 mW, the microwave frequency was 9.45 GHz and the sweep time was 84 seconds.
Spin Hamiltonian. The EPR spectrum of two S = 1/2 spins coupled by isotropic and anisotropic interactions has been extensively discussed. We refer the reader to the main textbooks and reviews for a more comprehensive background. [51] [52] [53] The EPR spectrum of 1-COT was analyzed considering that the molecule contains two S = 1/2 spins. One corresponding to the unpaired electron from the low-spin Fe(I) (denoted by S A ) and the other belongs to the unpaired electron at the COT radical (denoted by S B ). They interact with an external magnetic field (Zeeman interaction) and with each other, through exchange and dipole-dipole interactions. The spin
Hamiltonian, H, of this system is: Fitting of EPR spectra. To quantitatively compare experimental and simulated spectra, we divided the spectra into N intervals, i.e. we treated the spectrum as an N-dimensional vector R.
Each component R j has the amplitude of the EPR signal at a magnetic field B j , with j varying from 1 to N. The amplitudes of the experimental and simulated spectra were normalized so that the span between the maximum and minimum values of R j is 1. We compared the calculated amplitudes R j calc of the signal with the observed values R j defining a root-mean-square deviation σ by:
where the sums are over the N values of j, and p's are the fitting parameters that produced the calculated spectrum. For our simulations, N was set equal to 1024.
The EPR spectra were simulated using EasySpin (v 4. 55 and the ORCA software. 56 Geometry optimization calculations were carried out for the complexes using the crystal structures as starting points with the phenyl groups replaced by hydrogens to reduce the computational expense. The PBE exchange correlation functional (PBE exchange and PBE correlation) 57 was used for all calculations using a LANL2DZ basis set (5s5p3d+f) for Fe 58 with a 6-31G* basis set for all other elements using the spin-unrestricted molecular orbital approach. The LANL2DZ effective core potential was used for Fe. Wavefunction stability tests were employed to ensure that the calculated wavefunction corresponds to the true electronic ground state. Time-dependent density functional theory calculations were also calculated with the Gaussian 09 software to search for low energy singlet excited states. Atomic spin densities and charges were evaluated using a Mulliken population analysis. Several calculations were repeated using the B3LYP functional 59 to ensure that the same general trends in the results were not dependent on the functional used. The ORCA software 56 was used to determine Mayer bond orders and to calculate the Mössbauer parameters for the complexes. 
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